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ABSTRACT: The stability of the film poly(n-butyl methacrylate)
(PnBMA) with different tacticities, prepared on silicon oxide and exposed
to aqueous phosphate-buffered saline with different concentrations of
bovine serum albumin (CBSA between 0 and 4.5 mg/mL), was examined at
temperatures close to the physiological limit (between 4 and 37 °C) with
optical microscopy, contact angle measurements, atomic force microscopy,
and time-of-flight secondary ion mass spectrometry. For PBS solutions
with CBSA = 0, the stability of atactic PnBMA and dewetting of isotactic
PnBMA was observed, caused by the interplay between the stabilizing
long-range dispersion forces and the destabilizing short-range polar
interactions. Analogous considerations of excess free energy cannot
explain the retardation of dewetting observed for isotactic PnBMA in PBS solutions with higher CBSA. Instead, formation of a
BSA overlayer, adsorbed preferentially but not exclusively to uncovered SiOx regions, is evidenced and postulated to hinder polymer
dewetting. Polymer dewetting and protein patterning are obtained in one step, suggesting a simple approach to fabricate biomaterials
with micropatterned proteins.
1. INTRODUCTION
Dewetting is a commonly observed process that occurs when a
continuous thin polymer film, which is not in a thermodynami-
cally stable state, breaks up due to interfacial instabilities,
initially forming holes that subsequently evolve into droplets.1
The stability of a polymer film on a given substrate is a crucial
issue for its potential applications in a large variety of fields,
ranging from plastic electronics, through coating industry, up
to biomedical devices.2 In a majority of applications, a
homogeneous film is required. Therefore, inhibition of
polymer dewetting has motivated numerous studies, which
reached this goal with strategies relying on surface or polymer
film modification or addition of additives to the polymer (see
the review by Xue and Han3). This work examines a novel
strategy to hinder polymer dewetting based on additive
(protein) addition to the phase (liquid) surrounding both
the substrate and the polymer.
The dewetting process would allow us to obtain polymer
structures with a predefined statistical size and spatial
distribution, avoiding complicated and expensive litho-
graphic-based methods.2 Therefore, a lot of theoretical and
experimental research has been focused on dewetting.1,4−12
Materials organized with dewetting of surface nanotopographic
patterns with a chemical contrast have been applied in
biomedical fields:2−4 for instance, surface postmodification
with adsorbing proteins leads to protein microarrays13 and
possible subsequent cell application results in cell position-
ing.14 This study shows that instead of a multistep procedure, a
one-step polymer dewetting procedure accompanied by
protein adsorption can be used to fabricate biomaterial
surfaces with micropatterned proteins.
The most extensively studied dewetting processes are driven
by thermal instabilities caused by the long-range dispersion
forces4,15−20 and induced by solvents due to the short-range
polar interactions.21−23 However, recently, also nonsolvent
dewetting, observed for polymer films exposed to nonsolvents
(or its vapors), such as water, have attracted much
attention.24−26 Research on nonsolvent dewetting is extremely
important for environmental fields, as polymer films can be
destabilized due to humidity, and for biomedical applications,
with polymer films exposed to an aqueous environment. This
work explores the nonsolvent dewetting of a polymer film
immersed in aqueous phosphate-buffered saline (PBS)
solutions, relevant for biomedical research, also with a
dissolved protein. Prior to polymer dewetting analysis, surface
tension data are determined for this liquid.
Polymer films examined here are composed of poly(n-butyl
methacrylate) (PnBMA). PnBMA coatings are cytocompatible
and therefore have potential biomedical applications.27 In
addition, PnBMA is a unique polymer with the glass transition
temperature Tg located in the range of physiological temper-
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atures.27 Hence, protein adsorption and orientation can be
temperature-controlled on PnBMA coatings through a
transition from the glassy to the rubbery polymer state,
changing polymer nanotopography and elasticity, with
negligible changes in electrostatic, dispersion, and polar
protein−polymer interactions.28 This study is an extension of
our previous works on PnBMA-grafted brushes29,30 and
explores the films of PnBMA with different tacticities, isotactic
and atactic. In isotactic PnBMA, the substituent groups on the
successive asymmetric carbons are projected on the same side
of the polymer chain. In turn, in atactic PnBMA, the
substituents of the successive asymmetric carbons are
projected randomly on both sides of the plane in the polymer
chain.
Isotactic polymers have a lower Tg compared to the atactic
form, and therefore, their chains have greater mobility
compared to the atactic ones. Also, different tactic versions
of the same polymers were reported to have different
wettabilities caused by different extents of functional groups
segregated at their surface.50
We performed the complex characterization of isotactic and
atactic PnBMA layers cast on silicon oxide. Optical
microscopy, atomic force microscopy (AFM), time-of-flight
secondary ion mass spectrometry (ToF-SIMS), and contact
angle measurements (CA) were applied to reveal the stability
of atactic PnBMA and the dewetting of isotactic PnBMA when
immersed in PBS solutions at temperatures close to the
physiological limit (between 4 and 37 °C). Analogous
experiments performed for isotactic PnBMA films immersed
in PBS solutions with different concentrations of bovine serum
albumin (BSA) showed retardation of dewetting for the
solutions with higher CBSA. This is related to BSA adsorption to
various regions of the dewetted surface, with spatial correlation
between the protein and the dewetted polymer evidenced by
ToF-SIMS: preferential adsorption on uncovered SiOx regions
enables protein micropatterning. In addition, increased protein
surface density on elevated polymer regions such as rims points
to nanotopography effects in protein adsorption.29
2. EXPERIMENTAL SECTION
2.1. Materials. The polymers used in this work were isotactic (Mn
= 66 × 103, PDI = 1.6, Iso > 94%) and atactic (Mn = 50 × 103, PDI =
1.09) poly(n-butyl methacrylate) (PnBMA) purchased from Polymer
Source Inc. (Dorval (Montreal) Quebec H9P 2 × 8 Canada). Bovine
serum albumin (BSA; Cohn Fraction V) was obtained from Acros
Organics (Thermo Fisher Scientific; Geel, Belgium). Silicon wafer
(orientation: <100>, RMS roughness <0.2 nm) used as a substrate
was purchased from Si-Mat (Kaufering, Germany).
2.2. Sample Preparation. Isotactic and atactic PnBMA films
were spin-cast with analytical-grade chlorobenzene (coating speed ω
= 1.5−2.2 krpm, solution concentration CP = 10 mg/mL). Then, the
samples were incubated in 50 mM phosphate buffer (PBS, pH 7.4) or
protein solution for 30 min at temperatures equal to 4, 21, and 37 °C.
Concentrations of BSA in PBS solution, CBSA, were equal to 0.02, 0.1,
0.5, 1, and 4.5 mg/mL (measured with NanoDrop One, Thermo
Scientific). After incubation, the samples were washed with a buffer
and distilled water and dried under a N2 flow.
2.3. Water Contact Angle Measurements and Surface
Energy Measurements. The wettability of the polymer films,
determined as the water contact angle value, was measured using the
sessile drop technique using a Kruss EasyDrop (DSA15) instrument
with a Peltier temperature-controlled chamber. The measurements
were carried out at temperatures ranging from 7 to 36 °C to
determine the thermal response of the PnBMA films. The
temperature was measured using a thermocouple in contact with
the sample surface. Contact angles were expressed as the average of 10
measurements at different spots.
Static contact angles were measured for four different reference
liquids: water, glycerol, formamide, and diiodomethane. The experi-
ments were performed using the sessile drop technique using a Kruss
EasyDrop (DSA15) instrument at room temperature. Contact angles
were determined as the average of 10 measurements taken at different
spots on the same sample surface. Then, the Owens−Wendt−Kaelble
analytical approach was applied to calculate the surface free energy.30
2.4. Optical Microscopy. The evolution of the PnBMA thin films
was examined using an Olympus IX51 microscope. Images were
recorded using an XC30 digital camera (Olympus). The maximum
resolution of images captured using this camera is 2080 × 1544 px. All
images were recorded using cellSens Dimension (Olympus) software
with a 20x (Universal Plan Fluorite, magnification of 200) lens.
Optical images were analyzed using an integral geometry approach
extended using the procedures described in our earlier papers.31−33 In
brief, each gray scale image represents an array of pixels set to various
local levels i (x, y), characteristic of the surface features and correlated
with a local value of height. Each pixel can be changed into white or
black when its local value is, respectively, higher qi(x, y) > q′ or lower
qi(x, y) < q′ than the specific threshold value q′. The q′ value is
determined using the rigorously established procedures.31,33 As a
result, a binary (black-and-white) image is created, and surface
features can be fully characterized by three morphological
(Minkowski) measures, reflecting area fraction (coverage) F,
boundary length (lateral shape) U, and the Euler characteristic
(connectivity) χE of the white regions. For each image, the Minkowski
measures were computed (normalized by the analyzed area) using the
software developed in our laboratory.32 Their average values (⟨F⟩,
⟨U⟩, and ⟨χE⟩), obtained from the analysis of several (at least five)
images recorded at various spots, were used to describe and compare
the surface features.
2.5. AFM Surface Examination. AFM topographic images of the
PnBMA film surfaces after incubation in a buffer or protein solution
were obtained using an Agilent 5500 atomic force microscope (AFM)
working in a noncontact mode. AFM silicon cantilevers (PPP-FMR,
Nanosensors) with a force constant of ∼2 N/m, a resonant frequency
of ∼80 kHz, and tips with a standard beam shape and small radius (<7
nm) were used. AFM micrographs were analyzed with Pico Image
software.
2.6. Ellipsometry Measurements. A Sentech SE800 (SEN-
TECH Instruments GmBH) spectroscopic ellipsometer working at a
wavelength range of 320−700 nm and at a fixed angle of incidence
equal to 70° was used to estimate the thickness of the polymer layer.
The results were analyzed with SpectraRay 3 software assuming the
Cauchy dispersion formula and a two-layer model consisting of a
silicon substrate and a polymer overlayer.
2.7. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-
SIMS) Surface Examination. The PnBMA surfaces were analyzed
prior to and after BSA adsorption with a TOF.SIMS 5 (ION-TOF
GmbH) instrument using a 30 keV bismuth liquid metal ion gun and
Bi3 clusters. The surface spectra were recorded with a high mass
resolution m/Δm >8400 at C4H5+ (m/z = 53) and C4− (m/z = 48)
peaks for positive and negative spectra, respectively. To collect ToF-
SIMS images, the imaging mode was used with a worse mass
resolution but better spatial resolution. To ensure a static mode
condition, the dose density deposited on the surface was lower than
1012 ions/cm2 for all samples. Positive and negative ion ToF-SIMS
mass spectra were acquired from at least four different nonoverlapping
200 μm × 200 μm spots, whereas images were recorded from 100 μm
× 100 μm spots.
3. RESULTS AND DISCUSSION
3.1. Surface Tension, Its Dispersive and Polar
Components. This study examines the stability of polymer
(PnBMA) layers deposited on the silicon oxide surface and
immersed in liquids, such as water, PBS, and PBS solutions of
BSA. The total excess intermolecular interaction free energy
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ΔG of the above defined system is analyzed in Sections 3.2 and
3.3. For the purpose of ΔG analysis, the values of surface
tension γ and its dispersive (γD) and polar (γP) components,
corresponding to surfaces of the phases that meet at the three-
phase contact line, are estimated first in this section.
Surface energy values (γ, γD, and γP) of the silicon oxide
substrate and PnBMA (both isotactic and atactic) coatings
were determined using the contact angles measured for two
different reference liquids (formamide and diiodomethane)
and analyzed using the Owens−Wendt−Kaelble analytical
approach (Table 1).30
To determine the polar and dispersive components of water
and PBS surface energy (Table 1), we measured the contact
angles of these liquids placed on four different substrates
(polystyrene, poly(methyl methacrylate), at-PnBMA, and
silicon oxide substrate) with defined polar and dispersive
components of the surface energy.
The collected data were analyzed using the Owens−Wendt−
Kaelble analytical approach (Figure S1) with total surface
energy values of 72.8 and 69.5 mJ/m2,34 taken for water and
PBS, respectively. Surface tension modification of PBS with
respect to that of water, with an increase expected for aqueous
electrolyte solutions,35 is usually small and not resolved for 1
M PBS and biological systems.36 However, at millimolar salt
concentrations corresponding to diluted PBS, the surface
tension γ exhibits a small but distinctive reduction, ascribed to
bulk ion-induced water−water correlations37 competing with
the electrostatic, dispersion, and hydration forces repelling ions
from an air interface.35 The values of dispersive and polar
components (γDPBS = 28.1 (1.1) mN/m, γ
P
PBS = 41.4 (1.1)
mN/m) of surface tension, determined with the Owens−
Wendt−Kaelble method for the used 50 mM PBS dilution,
differ from those of water (γDwater = 25.0 (1.0) mN/m, γ
P
water =
47.8 (1.0) mN/m) and indicate a complex interplay of
different interfacial forces at millimolar salt concentrations.
To estimate the dispersive and polar part of surface tension
of the BSA solution (Table 2), the contact angles of BSA
solutions with concentrations CBSA equal to 4.5, 0.1, and 0.02
mg/mL deposited on polystyrene, poly(methyl methacrylate),
at-PnBMA, and silicon oxide substrate were measured (see
Figure S1). As an additional constraint, the value of the total
surface tension of albumin solutions in PBS varying in
concentration was taken as reported by B.C. Tripp et al.38
Compared to PBS, the addition of the BSA protein to the
PBS (50 mM) aqueous solution reduces the surface tension γ.
This effect seems to be accompanied by the change in
dispersive rather than the polar surface tension component.
Both γ and γD values decrease monotonically with protein
concentration to reach γ ∼ 59 and γD ∼ 20 mN/m (with γP ∼
39 mN/m) at CBSA = 4.5 mg/mL. The surface activity of BSA
is related to its affinity for the amphiphilic air/aqueous phase
interface, driven by hydrophobic BSA surface regions, whereas
polar BSA domains stay in contact with the aqueous phase.38,39
Surface tension decreases from the pure PBS dilution value
only when a significant protein amount is adsorbed at the air
interface with at least half monolayer surface coverage.38
3.2. Stability of PnBMA Films in the Aqueous PBS
Solution. To examine the potential of PnBMA with different
tacticities for biomedical applications at temperatures close to
the physiological limit, atactic and isotactic PnBMA thin films
were incubated in an aqueous solution of PBS at three
temperatures, 4, 21, and 37 °C. The representative images of
both incubated layers, recorded using optical microscopy, are
presented in Figure 1.
For at-PnBMA (Figure 1(a−c)), the polymer film remains
stable and continuous for all analyzed temperatures. In
contrast, iso-PnBMA (Figure 1(d−f)) films are structured,
and patterns characteristic of a dewetting process are observed.
Moreover, also for thicker films (Figure S2), the at-PnBMA
layer remains stable, whereas the iso-PnBMA layer dewets.
However, the exact shape of the formed structures depends
strongly not only on film thickness but also on the temperature
of incubation. The iso-PnBMA films are metastable and exhibit
classical heterogeneous hole nucleation. This process is slowed
down for thicker films for all temperatures (Figure S2). The
changes from small individual holes at 4 °C through coalesced
and large holes arranged into polygonal patterns at 21 °C to
the dropletlike structures at 37 °C are observed (Figure 1).
These structures resemble different stages of the thermally
induced dewetting process, that is, formation and growth of
holes at early stages, their coalescence into polygonal patterns
with continuous rims, typical for an intermediate stage, and
decay of rims into spherical droplets, characteristic of the late
stage of dewetting.10,40,41
The observed temperature dependence of the dewetting
process occurring for iso-PnBMA films (Figure 1d−f) can be
related to the different viscosities of polymer films that control
the dewetting velocity.42 Temperature-induced viscosity
changes for polymer films should be similar to those
determined for the bulk polymer.43,44 For PnBMA, they are
described by the relaxation time following the Vogel−
Fulcher−Tammann relation above the polymer glass transition
temperature Tg, τ(T) ∼ exp (10/ (T − TVFT)),45 with TVFT
observed roughly 50 K below Tg.
46 Thus, temperature
difference (T − Tg + 50 K) should govern the polymer
chain mobility in dewetting experiments performed at various
temperatures T (Figure 1d−f). Polymer chain mobility is
“frozen” below Tg and is very low just above Tg so that the
temperature at which dewetting becomes detectable is
somewhat higher (even ∼20 deg) than the effective Tg of
the polymer film.47 Here, the observed different behaviors of
PnBMA films with different polymer tacticities, with dewetted
Table 1. Surface Tension and its Polar and Dispersive
Components of the Silicon Oxide Substrate, both Iso- and
at-PnBMA, As Well as Used Liquids (Water and PBS)
phase γD [mN/m] γP [mN/m] γ [mN/m]
(1) SiOx substrate 36.2 (0.3) 13.2 (0.3) 49.4 (0.6)
(2) iso-PnBMA 30.3 (1.6) 1.2 (0.4) 31.5 (2.0)
(2) at-PnBMA 34.1 (1.1) 1.6 (0.3) 35.7 (1.4)
(3) water 25.0 (1.0) 47.8 (1.0) 72.8
(3) PBS 28.1 (1.1) 41.4 (1.1) 69.5
Table 2. Total Surface Tension and its Dispersive and Polar
Components of BSA Solutions in PBS
dispersive part γD
[mN/m]
polar part γP
[mN/m]
total surface
tension38 [mN/m]
CBSA = 4.5
mg/mL
19.9 (1.1) 39.1(1.1) ∼59
CBSA = 0.1
mg/mL
23.7 (1.0) 42.3 (1.0) ∼66
CBSA = 0.02
mg/mL
29.9 (1.5) 41.1 (1.5) ∼71
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iso-PnBMA films (Figure 1d−f) but stable at-PnBMA films
(Figure 1a−c), can be related to the different glass points of
these polymers, with Tg = 29 and − 20 °C specified by the
producer for bulk polymers, at- and iso-PnBMA, respectively.
The glass transition of a polymer film can differ from that of
the bulk and depends on film thickness.47,48 The glass point
determined for the at-PnBMA film with 28.2 nm thickness, Tg
is around 21.5 °C (see the Supporting Information),49 is lower
than the bulk producer’s value (29 °C). Also, a recent report
for PnBMA coatings formed by a grafted brush indicated Tg
reduction by 5 deg. as the thickness decreased from 60 to 20
nm.27 The thickness-dependent Tg variation is smaller than the
difference between temperatures used for isothermal experi-
ments, and therefore, Figure 1 illustrates well the impact of
varied polymer chain mobility (dependent on (T − Tg + 50
K)).
To analyze dewetting of the iso-PnBMA layer in an aqueous
solution, two phenomena must be consideredlong-range
dispersion interactions between the silicon oxide substrate (1)
and the PBS solution (3) across the PnBMA layer (2) and
short-range polar interactions between the PnBMA surface and
water molecules, both contributing to the total excess free
energy per unit area ΔG of the system.
G
A
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d h
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exp1232
P 0
π
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−
+
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jjjj
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{
zzzz (1)
where A123 is the effective Hamaker constant, h is the PnBMA
film thickness, Sp is the polar component of the spreading
coefficient, d0 is the atomic cutoff length, which is taken as
0.158 nm, and l is the correlation length.26
The dispersive interactions destabilize the layer when the
Hamaker constant A123 is positive and stabilize it in the
opposite case. The Hamaker constant may be calculated using
the following equation
A d24 ( )( )D D D D123 0
2
1 2 3 2π γ γ γ γ= − − (2)
where γi
D is the dispersive component of the surface tension of
phase i.
The polar surface tension components γP, determined for
iso- and at-PnBMA polymers, are similar within the
experimental error (Table 1). Therefore, we do not expect
differences in surface exposure between the polar and nonpolar
side groups of both polymers50 that could significantly
differentiate their wettabilities. In turn, based on the obtained
values, the Hamaker constants can be analyzed for thin films of
PnBMA with both tacticities. Applying eq 2 to both systems of
iso- and at-PnBMA on the silicon oxide wafer in air (γ3
D = 0
mN/m), we obtain negative values of the Hamaker constant,
indicating that van der Waals forces stabilize both types of
polymer layers. Indeed, both iso- and at-PnBMA layers do not
dewet in air at room temperature even after 3 months.
To analyze the dispersion forces for polymer layers
immersed in aqueous solutions with eq 2, the γD values
determined for water and PBS (Table 1) can be used. The
Hamaker constants, calculated with eq 2 for iso-PnBMA and
at-PnBMA films on silicon and immersed in both liquids, are
still negative. Hence, the long-range van der Waals forces
stabilize the polymer layer.
Therefore, we conclude that another mechanism must be
responsible for dewetting of the iso-PnBMA layer in PBS. As
aqueous solutions are polar solvents, the destabilizing
mechanism is most probably related to polar interactions. To
evaluate the polar component SP of the spreading coefficient S,
we use the expression:
S S S (cos 1)D P 23 123γ θ= + = − (3)
where SD is the dispersion component (equal to −12πd02A123),
γ23 is the interfacial tension between the iso-PnBMA layer and
PBS, and θ123 is the contact angle of the polymer on the silicon
Figure 1. Optical images of (a−c) atactic and (d−f) isotactic PnBMA layers after incubation in PBS at 4, 21, and 37 °C for 30 min. The polymer
layers were prepared with comparable thicknesses of (a−c) 28.2(1.9) nm and (d−f) 33.7(1.2) nm.
Langmuir pubs.acs.org/Langmuir Article
https://dx.doi.org/10.1021/acs.langmuir.0c01718
Langmuir 2020, 36, 11817−11828
11820
oxide surface immersed in PBS. The contact angle θ123 is
around 15 deg. was estimated from an AFM image51 (Figure
S3). Additionally, γ23 can be determined from the Young
equation:
cos air2 3 23 23γ γ θ γ= + (4)
where γ2 is the surface tension of the polymer in air (γ2 =
γDiso‑PnBMA+ γ
P
iso‑PnBMA, Table 1), γ3 is the surface tension of the
medium (water or PBS), and θ23air is the contact angle of the
medium on the polymer (∼80 deg. and ∼81 deg. for water and
PBS, respectively). The spreading coefficients S calculated
using eqs 3 and 4 for iso-PnBMA immersed in water and PBS
are equal to −0.65 and − 0.71 mN/m, respectively. In turn,
their SP components, equal to −1.16 and − 0.92 mN/m,
respectively, describe the magnitude of polar interactions
destabilizing the polymer film.
The presented analysis leads to the conclusion that the
formation of the observed structures is caused by the interplay
between the stabilizing long-range interactions between the
silicon oxide substrate and the PBS solution across the iso-
PnBMA layer and the destabilizing polar interactions between
the aqueous solution and iso-PnBMA. A similar process was
observed also for other polymers, such as polystyrene and
polyisoprene, in different solvents and classified as nonsolvent-
induced dewetting.21,26
3.3. Wettability of PnBMA Films in Water and PBS
Solution. To examine how different tacticities of PnBMA and
varied temperature affects the effective wettability of PnBMA
films, contact angles of sessile water droplets were measured
between 7 and 36 °C. The results, shown in Figure 2(a), show
completely different behaviors of the two studied coatings after
exposure to a sessile droplet, with stable at-PnBMA and
dewetting iso-PnBMA films. The values of the water contact
angle determined for a stable at-PnBMA film are almost
constant for all analyzed temperatures. In contrast, for the iso-
PnBMA film, a strong impact of temperature is observed,
reflecting the different temperature-dependent process of
dewetting (see Figure 1d−f) recorded at the time of
measurement. According to the Cassie equation,52 the effective
contact angle Θe of a discontinuous iso-PnBMA layer depends
on the area fractions of uncovered SiOx (F) and polymer-
covered regions (1-F), cosΘe = F cosΘSiOx + (1-F)
cosΘiso‑PnBMA. The effective contact angle Θe determined at
low temperatures is close to 85 deg., reflecting the Θiso‑PnBMA
value characteristic of the continuous iso-PnBMA film.
However at higher temperatures, the Θe value is reduced
considerably since dewetting is enhanced and a higher fraction
F of the SiOx substrate, characterized by ΘSiOx (51 ± 2) deg., is
exposed.
To determine the temporal evolution of the dewetting-
induced changes in surface composition, the wettability data
obtained for the iso-PnBMA films exposed at different times
(up to 6 min) to aqueous PBS solutions were analyzed with
the Cassie equation, as described above. Resulting values of the
fraction F of the uncovered SiOx areas are plotted in Figure 2b
(solid symbols) as a function of exposure time for different
temperatures (different colors). For comparison, the values of
the fractional SiOx area F after 30 min of solution exposure are
presented (open symbols), as determined using morphological
measures from optical images (see Section 3.4). The dewetting
kinetics at 21 °C and 37 °C can be compared using the
characteristic times τd ∼ (45.0 ± 0.9) min and (10.4 ± 0.1)
min, respectively, describing the linear temporal evolution of
the uncovered SiOx area F ∼ (t/τd) determined from the
wettability data. While the saturation of the uncovered SiOx
area can be deduced after ∼20 min of dewetting at 37 °C, this
cannot be claimed for the dewetting experiments performed at
lower temperatures.
3.4. Dewetting of the Iso-PnBMA Films in PBS
Solutions with Dissolved Proteins. Motivated by the
dewetting behavior of an isotactic PnBMA layer cast on silicon
and incubated in PBS, we decided to examine this process for
protein solutions in PBS as a potential fabrication strategy for
protein microarrays. For this purpose, we performed a series of
experiments following incubation of isotactic PnBMA (with
Figure 2. (a) Average water contact angles determined for at-PnBMA (green open squares, thickness 28.2 nm) and iso-PnBMA films (blue solid
squares, thickness 33.7 nm) after exposure to a sessile droplet for times up to 45 sec. (b) Fraction F of uncovered SiOx areas determined for (33.7
nm thick) iso-PnBMA films exposed to aqueous PBS solutions, based on the wettability data analyzed with the Cassie equation (solid symbols) and
optical images analyzed with the Minkowski measure F (open symbols) (Figure 5a), plotted as a function of exposure time for different
temperatures (black: wettability at 7 °C and micrographs at 4 °C; red: 21 °C, and blue: 37 °C). Dashed lines are guide to the eye.
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thickness ∼ 34 nm) in BSA solutions in PBS with three
different concentrations (0, 0.02, and 4.5 mg/mL) and at three
temperatures, equal to 4, 21, and 37 °C.
The resulting surface images, shown in Figure 3, clearly
depict the dewetting process for all considered experimental
conditions. To compare quantitatively the structure of the
dewetted iso-PnBMA films, Minkowski measures were
calculated for the collected optical microscopy images (Figure
3). First, the collected images were transformed into
representative black-and-white (binary) images (Figure 4)
composed only of two types of surface regions: whiteholes
in the polymer film (uncovered silicon oxide) and black
polymer film using the procedures described in our earlier
papers.31−33 Next, each binary image was fully characterized by
three morphological (Minkowski) measures. The obtained
average values of the three Minkowski measures (⟨F⟩, ⟨U⟩, and
⟨χE⟩), which characterize the morphology of the dewetted
polymer films, are summarized in Table S1.
The overall characteristic of temperature dependence
remains the same as for incubation in pure PBS and for both
BSA concentrations (CBSA), and the dewetting process is
significantly better developed at elevated temperatures. The
calculated average area fraction ⟨F⟩ of holes (Figure 5a) shows
an increment from (44 ± 1)% to (76 ± 2)% for PBS and from
(6 ± 1)% to (80 ± 1)% for the highest concentration of BSA
with increasing temperature. However, there is a significant
difference between the structures observed for a given
temperature for samples incubated in the BSA solution with
a low and high concentration. At 4 °C, the iso-PnBMA layer
incubated in pure PBS is covered with dense holes (⟨F⟩ = (44
± 1)%), which start to coalescence, whereas with increasing
BSA concentration, much more sparse, separated holes are
observed and the holes area fraction decreases to (25 ± 1)%
and (6 ± 1)% for 0.02 mg/mL and 4.5 mg/mL of BSA,
respectively. Moreover, the Euler parameter (which describes
the amount of isolated white islands observed on images and
related to holes in the polymer layer) (Figure 5b) changes
from 415 ± 28 for PBS to 184 ± 30 and 102 ± 6 for CBSA
equal 0.02 mg/mL and 4.5 mg/mL, respectively. This clearly
indicates that the amount of holes as well as the dewetted area
Figure 3. Optical images of the isotactic PnBMA layer (with thickness ∼ 34 nm) after incubation in BSA solutions with concentrations equal to 0,
0.02, and 4.5 mg/mL (rows) at 4, 21, and 37 °C (columns) for 30 min.
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decrease with increasing protein concentrations. With the
temperature of incubation elevated to 21 °C, polygonal
patterns are already formed for CBSA = 0 mg/mL and 0.02
mg/mL, with the holes area fraction of ∼73% (which accords
with the value estimated from contact angle measurements
using the Cassie equation), while the holes are still in the stage
of coarsening for the 4.5 mg/mL one (⟨F⟩ = (46 ± 6)%).
Finally, at 37 °C, the rims decay into spherical droplets and the
Euler parameter values change into negative, indicating rim
breaking and polymer droplet formation. However, this
process is more advanced for samples incubated in pure PBS
⟨χE⟩ = 750 ± 140 than those incubated in BSA solutions (⟨χE⟩
= 585 ± 73 and ⟨χE⟩ = 277 ± 77 for CBSA equal 0.02 mg/mL
and 4.5 mg/mL, respectively). These results strongly imply
that it is possible to slow down the dewetting process simply
by increasing the amount of BSA in the solution.
To verify this hypothesis, additional tests were conducted,
where iso-PnBMA layers were incubated at 21 °C in BSA
solutions (CBSA) with five different protein concentrations,
equal to 0.02, 0.1, 0.5, 1, and 4.5 mg/mL.
The surface images recorded using an optical microscope
(Figure S4) confirm the previous observations. The dewetting
process proceeds much slower for samples incubated in PBS
solutions with a higher protein concentration. For a BSA
concentration of 0.02, polygonal patterns are observed. In turn,
for protein concentrations ranging from 0.1 to 4.5 mg/mL,
individual holes accompanying the small polygonal structures
are still present, indicating the much earlier stage of dewetting.
The remnant, not structured plateau areas of the PnBMA layer
are visible mainly for the largest BSA concentration. This is
clearly represented by the Minkowski measures (Figure 6).
The uncovered area of SiOx (Figure 6a) decreases from ∼73 to
∼45% with increasing CBSA. Moreover, the average area of
holes (Figure 6b) observed in the optical images (Figure S4) is
the greatest for CBSA = 0 and 0.02 mg/mL and then decreases
almost two times for higher protein concentrations. Also the
topographical images, recorded with an AFM (Figure 7), show
the flat, elevated areas between the polygonal rims, already for
a BSA concentration of 0.5 mg/mL. The AFM images also
determine the nanotopography of the polymer plateau edges
(∼3 μm wide and ∼ 50 nm high) facing the holes (Figure 7b)
and the polygonal continuous rims (∼2 μm wide and ∼100 nm
high).
This effect may have two possible explanations. First, the
polar interactions between the polymer layer and the liquid
environment may be weakened when proteins are added to the
solution. Second, proteins adsorbed to the dewetted surface
may retard or even block the dewetting process.
To verify the first hypothesis, we use the estimated
dispersive components of surface tension γD of BSA solutions
(Table 2) to analyze with eq. 2 the sign and magnitude of the
Hamaker constant. Its negative value and growing absolute
magnitude with protein concentration can be concluded,
indicating that the stabilizing dispersion interactions are
Figure 4. Representative optical images transformed with threshold
analysis into black-and-white images. Each pixel is reset to either
white or black depending on whether its local gray level value is
greater or lower than the threshold variable specified by dominant
gray.32 Each black-and-white image reflects surface patterns with
white and black regions corresponding to the uncovered silicon oxide
and the polymer-covered area, respectively. Such binary images are
characterized by three Minkowski measures: the white area fraction F
and its boundary length U, as well as the Euler characteristic χE,
defined as the difference between the number of separated white and
black features. In our dewetting experiments, surface patterns
dominated by holes and droplets, respectively, are described by
positive and negative χE values.
Figure 5. (a) Fraction of uncovered area (F) and (b) Euler parameter plotted as a function of temperature and BSA concentration in dewetting
experiments.
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enhanced by BSA addition to PBS solutions. Still, the negative
spreading coefficients S are expected and evaluated with eqs 3
and 4 using the determined contact angles of PBS solutions on
the polymer (θ23air = 87.3, 91.8, and 94.9 degree for CBSA =
0.02, 0.1, and 4.5 mg/mL, respectively). The spreading
coefficient S varies between −0.96 and − 1.25 mN/m with
increasing protein concentration. Therefore, a stronger
dependence with CBSA of the destabilizing polar interactions
is concluded, as indeed revealed by the estimated polar
component values of the spreading coefficients, with SP equal
to −1.0 and − 2.3 mN/m, respectively, for CBSA equal to 0.02
and 4.5 mg/mL. Therefore, the first hypothesis that the polar
interactions between the polymer layer and the liquid
environment are weakened by the dissolved proteins should
be rejected.
3.5. Protein Adsorption on Dewetted Surfaces
Analyzed with ToF-SIMS. To verify the second hypothesis
that polymer dewetting can be hindered by protein adsorption,
the adsorbed proteins were analyzed with ToF-SIMS, taking
advantage of their chemical specificity and surface sensitivity.
For the applied setup, the surface sensitivity of ToF-SIMS is
described by the exponential decay of the signal intensity as a
function of organic overlayer thickness, with an attenuation
depth of λ = 0.63 (± 0.10) nm, that enables us to probe even
the complete protein monolayer (the “escape” depth of
secondary ions of ∼3.0 nm corresponds to a uniform protein
layer with a surface density of ∼3.8 mg/m2).53 The ToF-SIMS
chemical images of iso-PnBMA films on the SiOx substrate
incubated in PBS solutions of the BSA protein with two
different concentrations, CBSA = 0.02 and 1 mg/mL, are shown
in Figure 8a−c and d−f, respectively. The images recorded
with ions characteristic of the iso-PnBMA polymer (C4H5O2
−)
and the BSA protein (CNO−) clearly demonstrate that BSA is
adsorbed preferentially to the uncovered silicon oxide areas
compared to the polymer-covered regions (cf. Figure 8d and
e). Since the ToF-SIMS signal intensities show a linear
correlation with the organic surface composition,54 the surface
amount of the BSA protein on uncovered silicon oxide areas is
evaluated (for CBSA = 1 mg/mL) to be 4.6 times larger than
that on the PnBMA-covered areas. Also, the thickness of BSA
layers on uncovered regions does not exceed that of the
protein monolayer, as signaled by the signals characteristic of
the substrate (SiO2
− and SiHO2
−). Finally, based on the ToF-
Figure 6. (a) Fraction of uncovered area, that is, holes, (F) and (b) average area of the individual surface feature, that is, hole, (F)/(χE) plotted as a
function of BSA concentration for dewetting experiments performed at 21 °C (please see Table S2).
Figure 7. AFM images of the isotactic PnBMA layer after incubation
in BSA solutions with concentrations equal to 0.02 and 0.5 mg/mL at
21 °C for 30 min.
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SIMS examination of the samples incubated in different
protein solutions, we determined the relative amount of
protein adsorbed on SiOx plotted as a function of BSA
concentration CBSA (Figure 9).
In addition to preferential BSA adsorption to uncovered
SiOx regions compared to the polymer-covered areas, ToF-
SIMS data point to an interfacial BSA activity. The chemical
maps of iso-PnBMA and BSA surface components (Figure 8),
and in particular, their color-coded composite representations
(Figure 8c and f) reveal enhanced BSA (green, CNO− signal)
presence in the regions close to the contact line of the three
phases, that is, on the polymer plateau edges facing holes
(Figure 8f) and at continuous rims (Figure 8c and f).
Preferential adsorption close to a hydrophilic/hydrophobic
interface γSiOx
P /γiso‑PnBMA
P = 13.2/1.2 can be related to the
amphiphilic nature of protein molecules,55 rearranging their
polar and nonpolar residues at the interface.56 Enhanced
protein adsorption at hydrophilic/hydrophobic interfaces, PS/
PMMA57 or PS/PNVP,14 was reported previously. Also, other
effects related to modified surface nanotopography (e.g.,
curvature, roughness, and specific surface features) can be
involved, but their exact impact on the protein adsorption
process is not fully understood.29,58 A careful inspection of the
reports on protein adsorption on the surfaces modified earlier
by dewetting reveals surface features of protein patterns
(separate rings around the protein-covered holes) resembling
those of Figure 8f but with no spatial correlations between the
polymer and the protein.13,59
3.6. Polymer Dewetting Hindered by Protein
Adsorption. Inhibition of polymer dewetting is stronger for
the polymer films exposed to solutions with a higher protein
concentration CBSA (Section 3.4), when larger protein
adsorption is observed (Figure 9). In fact, the ToF-SIMS
results revealed BSA proteins adsorbed to various regions of
the dewetted surface, with the data corresponding to 30 min of
film incubation at 21 °C. The kinetics of dewetting are slower
than those of protein adsorption. The former is described at 21
°C (see Figure 2b) as a linear temporal development of
fractional uncovered SiOx area F ∼ (t/τd) with a characteristic
time of τd ∼ (45.0 ± 0.9) min. The latter is estimated from the
kinetics of BSA adsorption determined (under the same
conditions) for the isomer (nondewetting) polymer PnBMA,
∼(1 − exp (−t/τa)), and characterized by a specific time of τa
Figure 8. (a,b and d,e) ToF-SIMS chemical images and (c, f) color-coded composite images of iso-PnBMA films incubated in PBS solutions with
BSA concentrations, (a−c) CBSA = 0.02 and (d−f) 1 mg/mL. Maps of (a, d) BSA and (e, f) iso-PnBMA distribution using ions characteristic of a
protein (CNO−) and a polymer (C4H5O2
−). Color-coded composite maps of surface components, red: iso-PnBMA polymer (using C4H5O2
−) and
green: BSA protein (using CNO−).
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∼2.2 min. Therefore, the recorded dewetting data correspond
to the adsorbed protein layers in local equilibrium, specified for
various surface regions (SiOx, PnBMA, and regions close to the
three-phase line).
Several strategies for the inhibition of dewetting of polymer
films have been developed, resulting from thermodynamic and
kinetic considerations due to change in the surface energy and
polymer mobility, respectively, but precise mechanisms have
often eluded precise description.3 The so far reported
strategies rely on modification of the substrate or the polymer
film (including cross-linking) and on application of additives to
the polymer. The presented results here suggest a novel
strategy based on the additive (BSA) applied to the liquid
surrounding both the substrate and the polymer. Relevant
mechanisms might be related to proteins adsorbed to various
regions of the dewetted surface. For instance, since the
adsorbed BSA layer is formed on SiOx, the spreading
coefficient S specified in eq 3 as the difference of surface
energy of the bare SiOx substrate and polymer-wetted SiOx
must be modified. The free energy change S for spreading the
polymer over SiOx should be reduced by the positive
coefficient S′ for the spreading of BSA over the SiOx surface.
The dewetting driving force can be also reduced when the
polymer/liquid surface tension γ23 is decreased, for example,
due to adsorption of amphiphilic BSA molecules. This might
reduce the capillary force counterbalanced by viscous
dissipation, leading to a lower dewetting velocity.60 In turn,
kinetic considerations suggest pinning sites, for example,
formed due to the interfacial activity of amphiphilic BSA that
can try to arrest the three-phase contact line.3
4. CONCLUSIONS
In this work, the stability of thin polymer layers composed of
isotactic and atactic PnBMA was examined. We show that both
layers are stable in the atmosphere; however, the nonsolvent
dewetting process is observed for iso-PnBMA after immersion
in PBS due to the Tg value, much lower than for at-PnBMA. In
the next step, analogous experiments were performed for iso-
PnBMA films exposed to PBS solutions with different
concentrations CBSA of the model protein (BSA). The results
obtained at different temperatures close to the physiological
limit (between 4 and 37 °C) show that the dewetting process
is significantly slowed down for higher CBSA. The explanation
of these observations is the adsorption of BSA molecules to
various regions of the dewetted surface, with spatial correlation
between the protein and the dewetted polymer evidenced by
ToF-SIMS. Therefore, this work suggests a novel strategy to
hinder polymer dewetting based on the additive (protein)
added to the phase (liquid) surrounding both the substrate and
the polymer. ToF-SIMS evidences also preferential protein
adsorption on uncovered SiOx regions. This shows that the
one-step procedure, involving polymer dewetting accompanied
by protein adsorption, can be used for protein microarray
fabrication. In addition, the increased protein surface
concentration on elevated polymer regions such as formed
rims points to nanotopography effects in protein adsorption.
■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01718.
Calculated polar and dispersive components of surface
energy for different solutions; optical images of atactic
and isotactic PnBMA layers after incubation in PBS at 4,
21, and 37 °C for 30 min; AFM image of iso-PnBMA
incubated in PBS; Minkowski measures calculated for
iso-PnBMA incubated in different concentrations of BSA
in PBS solution at different temperatures; optical images
of the isotactic PnBMA layer after incubation in BSA
solution with concentrations equal to 0.02, 0.1, 0.5, 1,
and 4.5 mg/mL at 21 °C for 30 min and the
corresponding Minkowski measures; and thickness
versus temperature profile of the at-PnBMA film
(PDF)
■ AUTHOR INFORMATION
Corresponding Authors
Andrzej Budkowski − M. Smoluchowski Institute of Physics,
Jagiellonian University, 30-348 Krakoẃ, Poland; orcid.org/
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0000-0001-5042-1848
Joanna Raczkowska − M. Smoluchowski Institute of Physics,
Jagiellonian University, 30-348 Krakoẃ, Poland; orcid.org/
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(17) Wensink, K. D. F.; Jeŕôme, B. Dewetting Induced by Density
Fluctuations. Langmuir 2002, 18, 413−416.
(18) Suh, K. Y.; Lee, H. H. Dynamic Instability of Strongly Confined
Thin Polymer Films in Spinodal Dewetting. Phys. Rev. Lett. 2001, 87,
1−4.
(19) Raczkowska, J.; Montenegro, R.; Budkowski, A.; Landfester, K.;
Bernasik, A.; Rysz, J.; Czuba, P. Structure Evolution in Layers of
Polymer Blend Nanoparticles. Langmuir 2007, 23, 7235−7240.
(20) Raczkowska, J.; Bernasik, A.; Budkowski, A.; Sajewicz, K.; Penc,
B.; Lekki, J.; Lekka, M.; Rysz, J.; Kowalski, K.; Czuba, P. Structures
Formed in Spin-Cast Films of Polystyrene Blends with Poly (Butyl
Methacrylate) Isomers. Macromolecules 2004, 7308−7315.
(21) Lee, S. H.; Yoo, P. J.; Kwon, S. J.; Lee, H. H. Solvent-Driven
Dewetting and Rim Instability. J. Chem. Phys. 2004, 121, 4346−4351.
(22) Thiele, U.; Mertig, M.; Pompe, W. Dewetting of an Evaporating
Thin Liquid Film: Heterogeneous Nucleation and Surface Instability.
Phys. Rev. Lett. 1998, 80, 2869−2872.
(23) Brochard-Wyart, F.; Debregeas, G.; Fondecave, R.; Martin, P.
Dewetting of Supported Viscoelastic Polymer Films: Birth of Rims.
Macromolecules 1997, 30, 1211−1213.
(24) Bonaccurso, E.; Butt, H. J.; Franz, V.; Graf, K.; Kappl, M.; Loi,
S.; Niesenhaus, B.; Chemnitz, S.; Böhm, M.; Petrova, B.; et al. Water
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